Penicillium vulpinum along with a number of other fungi can lead to rot of stored sugar beet roots. However, Penicillium isolates associated with necrotic lesions on roots from a recent sugar beet storage study were determined to be different from P. vulpinum and other recognized Penicillium species. Phylogenies based on sequencing of the internal transcribed spacer (ITS)-5.8S, b-tubulin (BenA), and RNA polymerase II second largest subunit (RPB2) DNA regions indicate that these isolates are novel, but most closely related to the following Penicillium spp. in the section Fasiculata: P. aurantiogriseum, P. camemberti, and P. freii. Macro-and micromorphological data also support designating these isolates as a new species for which we propose the name, Penicillium cellarum sp. nov. Inoculation studies with the P. cellarum isolates on roots of the commercial sugar beet cultivar B-7 led to the formation of necrotic lesions 23 to 25 mm in diameter after 86 days in storage. These lesions were similar to those observed on sugar beet roots in commercial storage piles. These data indicate that P. cellarum is a pathogen which can cause root rot in stored sugar beet roots.
ensiled hard-pressed beet fibers (Boysen et al. 2000) . Recently Penicillium isolates from lesions on sugar beet roots in Idaho differed from previously acknowledged species based on phylogenetic analysis (Strausbaugh et al. 2015) . This novel pathogenic Penicillium species was established using a polyphasic taxonomic approach suggested by Visagie et al. (2014) via molecular data [partial sequences for internal transcribed spacer-5.8S ribosomal DNA (ITS), b-tubulin (BenA), and RNA polymerase II second largest subunit (RPB2)] and macro-and micromorphological characteristics.
Materials and Methods
Sample collection and isolation. Four Penicillium isolates (F727, F728, F730, and F732) were collected on 8 February 2013 from necrotic lesions on commercial sugar beet roots that were part of a previous storage study (Strausbaugh et al. 2015) . The isolation methods were described previously (Strausbaugh et al. 2015) . The isolates were single spored and stored on sterile barley kernels at −80°C using the following method. The barley kernels had been soaked in tap water for 24 h, and then autoclaved twice for 1 h at 121°C on consecutive days. Plugs from potato dextrose agar (PDA; Becton Dickinson & Co., Sparks, MD) cultures were placed with the barley kernels and incubated at 21°C for six weeks. The kernels were then placed in cryovials and stored at −80°C until retrieved for this study.
Macromorphology. Macromorphological characters were established on Czapek yeast autolysate agar (CYA), malt extract agar (MEA), yeast extract sucrose agar (YES), and creatine sucrose agar (CREA) prepared in 90-mm polystyrene Petri dishes with a volume of 20 ml as described by Frisvad and Samson (2004) . Three plates of each isolate were inoculated with a spore suspension in semisolid agar solution containing 0.2% agar. All media were incubated in the dark at the standard temperature of 25°C for 7 d. Additional CYA plates were incubated at 30 and 37°C. After 7 d, the colony diameters were measured at the widest part of the colony. The colony texture, degree of sporulation, conidial color, texture and color of mycelia, the presence and color of soluble pigments and exudates, reverse colony color, colony diameter, and acid/base production were documented as described by Frisvad and Samson (2004) .
Micromorphology. Micromorphology characters such as the number of branching points between stipe and phialides; and the dimension, shape, and texture of stipes, rami, metulae, phialides, and conidia were investigated. These characters were established on microscopic slides prepared from 7-to 10-d-old MEA cultures. Measurements were made at 400 to 1000× on a BH2 Olympus microscope (Olympus Optical Co, LTD, Japan) and features recorded with a D5000 Nikon digital camera (Nikon Corp., Tokyo, Japan). Measurement comparisons for conidia (n = 50), phialides (n = 20), metulae (n = 20), and rami (n = 20) were conducted with Systat 13.10 (Systat Software, Inc., Chicago, IL), with GLM pair-wise comparisons grouped by treatment using post hoc test of Fisher's least significant difference (LSD). The error terms were mean square error (MSE).
Growth at different temperatures. The fungal strains were freshly revived from glycerol stocks to 1/2-strength V8 agar and grown at room temperature under 12-h diurnal combined near-UV/cool white lighting for one week. Conidial suspensions created by subculture from sporulating 1/2-strength V8-agar plates were prepared in 0.2% semiliquid agar vials which were employed to create a single point of inoculum at the center of each CYA plate (Pitt 2000) . Each strain was inoculated in triplicate to CYA at each of four temperatures: 5, 8, 21, and 30°C. The inoculated CYA plates to be incubated at a specific temperature were randomly stacked and wrapped in foil for incubation in the dark. HOBO data loggers were used to monitor temperature uniformity. The maximum colony diameter was recorded from each plate under 5× magnification approximately every 48 h for 12 days. Data were analyzed in TableCurve 2D for Windows (Version 4.07; SPSS Inc., Chicago, IL) to select the model that best fit the individual data points. The model fit was confirmed using SAS (Version 9.4, SAS Institute Inc., Cary, NC) with Proc reg.
Molecular characterization. The following DNA regions were sequenced: ITS, BenA, and RPB2. The isolates were each grown in potato dextrose broth (PDB; Becton Dickinson & Co.), freeze-dried, and pulverized using methods described previously (Strausbaugh et al. 2015) . DNA was extracted using a DNeasy Plant Mini Isolation Kit (Qiagen Inc., Valencia, CA) following standard protocols suggested by the manufacturer and stored at −20°C. Polymerase chain reaction (PCR) assays were performed in volumes of 30 ml using GoTaq Taq DNA polymerase (Promega Corp., Madison, WI) with primers and methods described previously (Strausbaugh et al. 2015) . Amplification products were electrophoresed through agarose gels (1.8% w/vol) supplemented with ethidium bromide (0.01 mg/ml) in Tris borate EDTA buffer (TBE, 89 mM Tris base, 89 mM boric acid, and 2 mM EDTA). Amplicons were sequenced in both directions by TACGen (Richmond, CA). Sequences were evaluated using BioEdit 7.1.3.0 (Hall 1999) , consensus sequences were generated, and representative haplotypes were submitted to GenBank (Accession Nos. KM249066 to KM249138; Table 1 ).
The sequences for isolates F727, F728, F730, and F732 were compared with accessions in GenBank using BLASTn 2.2.28 (Altschul et al. 1997) , which determined that the most closely related species were Penicillium spp. in the section Fasciculata. Type strain sequences (Table 1) for the species in this section (specified in Visagie et al. 2014 ) were compared with the sugar beet isolates via phylogenetic analysis. Penicillium expansum was included as the outgroup in the phylogenetic analyses and belongs in section Penicillium. DNA sequences were aligned using ClustalX Ver. 2.0 (Larkin et al. 2007 ). The maximum parsimony analysis was performed using PAUP with the heuristic search, simple taxon addition sequences, tree bisectionreconnection (TBR) branch swapping, and MaxTrees = 100. Statistical support for the analyses was determined by bootstrap values for 1,000 replicates. MEGA 6.05 (Tamura et al. 2011 ) was used to determine the substitution model that best fit the data according to the Bayesian information criterion (BIC). The substitution models selected were as follows: T92 (Tamura 3-parameter model) for ITS; K2+G (Kimura 2-parameter model with gamma distribution) for RPB2; and K2+I (Kimura 2-parameter model with invariant sites) for BenA. Maximum likelihood analyses were conducted with MEGA with an initial search (two replicates) used to estimate the model parameters. The parameters were then fixed for a bootstrap analysis of 1,000 replicates. The Bayesian phylogenetic analyses were conducted with MrBayes 3.2.1 (Ronquist and Huelsenbeck 2003) with the searches run until the standard deviation of split frequencies fell <0.01. The analyses were conducted using the default priors. The majority-rule consensus was then calculated after removing the first 25% of generations as burn-in. The trees were visualized using FigTree Ver. 1.4 (Inst. of Evol. Biol., Univ. of Edinburgh UK).
Rot tests. To investigate the rot potential of the sugar beet Penicillium isolates, the isolates were inoculated into stored sugar beet roots. Roots of the commercial sugar beet cultivar B-7 (for the uncoded cultivar name contact Betaseed Inc., Kimberly, ID) were grown on the USDA-ARS North Farm (42°33¢10.60² N, 114°21¢27.27² W, elev. 1,187 m) near Kimberly, ID, using standard cultural practices outlined in the 2016 Amalgamated Sugar Co. (Boise, ID) grower guidebook. The roots were mechanically harvested on 11 October 2016 and placed in wooden onion boxes (4 ft × 6 ft × 30 inches; Boise River Pack, Notus, ID) inside a commercial sugar beet storage building (temperature set point 1.1°C, relative humidity remained above 90%; cooled using ambient air) in Paul, ID. During storage, the temperature in the storage building was recorded at 1-h intervals using HOBO sensors (Model H08-001-02; Onset Computer Corp., Bourne, MA). The experiment was arranged on the bottom of an onion box in a randomized complete block design with six replications per treatment (a single root was the experimental unit). There were five treatments: a PDA check and four Penicillium isolates (F727, F728, F730, and F732) inoculated individually. A cork borer plug (10 mm diameter by 24 mm deep) was pulled from the shoulder of the root on 9 November to allow for inoculation. For the PDA check, an 8 mm-diameter PDA plug was placed in the hole. For the Penicillium treatments, an 8-mm-diameter plug from a 2-week-old culture grown on PDA at 22°C was placed in the hole. The root plug was replaced after inoculation and sealed with petroleum jelly (UNILIVER, Greenwich, CT). After 86 days in storage on 3 February 2017, the diameter of the discolored tissue was measured. Reisolations (three reisolations per treatment) were conducted by transfer of tissue from the leading edge of the discolored tissue in the Penicillium inoculated roots and from the noninoculated checks onto PDA amended with streptomycin (200 mg/liter). The reisolations were conducted using methods described previously (Strausbaugh et al. 2015) . The experiment was repeated beginning on 15 November using the same source of roots, conditions, and length of time in storage as the first experiment. The SAS univariate procedure was used to test for normality of the data. The homogeneity of variance was investigated using Levene's test (HOVTEST = Levene). Analysis of variance was conducted using SAS general linear models procedure (Proc GLM). Mean comparisons were conducted using Fisher's protected least significant difference with a = 0.05.
Results
Species placement and characterization. Based on macro-and micromorphological characteristics and phylogenetic analyses, the Penicillium sp. isolated from necrotic tissue in sugar beet roots held in an indoor storage building in Paul, ID, was a new species, for which we propose the name Penicillium cellarum.
Penicillium Macromorphology. On CYA after 7 d at 25°C, the colonies were 27 to 44 (mean = 32) mm in diameter, were dull blue-green, velutinous, with white margin, sulcate, with minute amounts of colorlesspale tan exudate, and the reverse was cream-beige to very light brown (Fig. 1) . On CYA after 7 d at 30°C, the colonies were 9 to 21 (mean = 13) mm in diameter, were dull blue-green, velutinous, sulcate to convoluted with a sinuate white margin, and in reverse red-brown and usually with a red-brown soluble pigment. On CYA after 7 d at 37°C, there was no growth. On MEA after 7 d at 25°C, the colonies 32 to 54 (mean = 39) mm in diameter, were dull blue-green, velutinous, and with a slightly off-white margin and in reverse pale, dull yellowish gray-green with traces of a pale yellow diffusible pigment. On CREA after 7 d at 25°C, the colonies were 31 to 39 (mean = 34) mm in diameter, and acid production was moderate (halo of yellow pigment around colony = +). After 10 to 14 days on CREA at 25°C, there was base production (purple reverse = +) with some isolates. On YES after 7 d at 25°C, the colonies were 39 to 54 (mean = 43) mm in diameter, dull blue-green, velvety to slightly granular, white margin finely sulcate, and in reverse a dull yellowish gray-cream.
Micromorphology on MEA. Conidiophores were typically single ( Figs. 1 and 2 ). Stipes were hyaline, roughened (verruculose), (80-) 85-450 × (3.1-) 4.0-4.2(-4.4) mm, bearing terminal terverticillate (occasionally biverticillate, rarely quaterverticillate) penicillii. Rami were typically two (sometimes three) per stipe, usually appressed or only narrowly divergent, hyaline, roughened, and averaged 20.4 ± 3.8 × 3.7 ± 0.4 mm ( Table 2) . Metulae were typically 4 to 5 per ramus, appressed to narrowly divergent, hyaline, smooth, and averaged 11.3 ± 1.7 × 3.4 ± 0.4 mm. Phialides were typically 6 to 8 per metula, hyaline, smooth, ampulliform, slender, and averaged 8.6 ± 1.0 × 2.7 ± 0.2 mm (including collula). Conidia were typically smooth, globose to sometimes subglobose, rarely elliptical, pale green in bright field, and averaged 2.9 ± 0.2 mm in diameter, borne in columns. Significant differences (P # 0.03) were obtained between isolates with regard to length of metulae (maximum difference = 2.1 mm, between means for F732 and F728) and width of rami (maximum difference = 0.4 mm, between means for F730 and F732), indicating some degree of within-species variation (data not shown). There were no significant differences in dimensions of conidia and phialides among the four isolates.
Growth at different temperatures. Averaged over the four isolates, colony diameter was 13. 4, 23.8, 56.8, and 30.4 mm at 5, 8, 21, and 30°C, respectively (Fig. 3) . Data were fit to the regression equation y = 9.22 + 0.32X 2 − 0.01X 3 with P < 0.0001 and r 2 = 0.9815. Based on regression analysis, the optimum growth of the isolates was estimated at 22°C.
Molecular characterization. Based on the ITS sequences, two of the Penicillium isolates (F727 and F728) had 100% sequence identity (KM249068), while the other two isolates (F730 and F732) had 99% sequence identity (KM249070 and KM249072, respectively) with the first two isolates. Based on the BenA and RPB2 sequences, Penicillium isolates F727, F728, F730, and F732 had 100% sequence identity (KM249108.1 and KM249117.1 for BenA and RPB2, respectively). Based on the ITS, the four sugar beet Penicillium isolates were placed into a clade closely related to P. freii and P. aurantiogriseum (Fig. 4) . Based on BenA, the four sugar beet Penicillium isolates were placed into their own clade (Fig. 5) . The most closely related species to this clade was P. aurantiogriseum. Based on RPB2, the four sugar beet Penicillium isolates were placed into their own clade (Fig. 6) . The most closely related species to this clade was P. camemberti.
Rot tests. The data from both experiments were analyzed together because the experiments did not differ (P = 0.1199), interactions were not significant (expt*block P = 0.2835, expt*strain P = 0.0615, and block*strain P = 0.1265), and the variances were homogeneous (P = 0.9399). There were significant differences (P < 0. Isolations confirmed the presence of Penicillium in rot associated with the inoculated treatments and no Penicillium was found in the checks. The temperatures during the rot tests are documented in Figure 7 . The storage building did not reach the set point until 30 November 2016, because night time ambient air was not cool enough to lower air temperature in the building to 1.1°C until this date.
Discussion
Historically, the most widely acknowledged sugar beet fungal rot pathogens in storage have been B. cinerea, P. betae, and P. vulpinum (Bugbee 1993; Fugate and Campbell 2009) , while more recently an Athelia-like basidiomycete has also been described (Toda et al. 2012 ). On stored sugar beet roots, P. vulpinum has been shown to be the most prevalent Penicillium species in older literature, while other Penicillium species have also been documented to occur: P. cyclopium, P. duclauxii, P. expansum, P. funiculosum [now T. funiculosus], P. paneum, P. rubrum, P. stoloniferum, and P. variable [now T. variabilis] (Bugbee 1975 , Bugbee and Nielsen 1978 , Fugate and Campbell 2009 , Liebe et al. 2016 , Morotchkovsky 1936 , Samson et al. 2011 , Visagie et al. 2014 . In a recent fungicide study (Strausbaugh et al. 2015 ) in a Table 2 . Dimensions of conidia, phialides, metulae, and rami for isolates of Penicillium cellarum sp. nov.
Characteristic
Isolate Dimensions (mm) z Conidia F727 (2.5-) 2.7-3.4 (-3.5) F728 (2.2-) 2.5-3.4 (-3.9) F730 2.4-3.5 F732 2.5-3.8 Overall mean 2.9 ± 0.2 Phialides F727 (6.3-) 7.0-10.1 (-10.9) × (2.0-) 2.1-2.9 F728 (6.3-) 6.9-11.2 (-11.9) × 2.4-2.9 F730 (6.7-) 7.0-11.2 × 2.2-3.0 F732 7.0-10.5 (-11.2) × 2.1-2.9 Overall mean 8.6 ± 1.0 × 2.7 ± 0. , maximum likelihood (ML; 1,000 replicates, middle number), maximum parsimony (MP; 1,000 bootstrap replicates, right number), and NB = no branch. Penicillium species sequences were obtained from GenBank (Table 1 ) and the species names are followed by strain designations. , maximum likelihood (ML; 1,000 replicates, middle number), maximum parsimony (MP; 1,000 bootstrap replicates, right number), and NB = no branch. Penicillium species sequences were obtained from GenBank (Table 1) and the species names are followed by strain designations.
commercial Idaho storage building, a novel Penicillium species was documented to occur on sugar beet roots. In the current study, four of the sugar beet Penicillium isolates (F727, F728, F730, and F732) from this fungicide study were determined to represent a novel pathogenic species, Penicillium cellarum sp. nov., based on the methods for the polyphasic species concept recommended by Visagie et al. (2014) . Homogeneity of DNA sequences across the ITS, RPB2, and BenA regions indicates the four sugar beet Penicillium isolates represent a distinct clade. A few species such as P. aurantiogriseum, P. freii, and P. camemberti closely align with this distinct clade within a specific DNA region, but none of the currently recognized Penicillium species align with the distinct clade across all three DNA regions. These data strongly imply recognition as a species distinct from other Penicillium species. Of the three Penicillium species most closely aligned with the sugar beet isolates based on sequencing, P. camemberti has completely different colony morphology since it is white and floccose on CYA, MEA, and YES (Frisvad and Samson 2004) . The sugar beet Penicillium isolates were dull blue-green on CYA, MEA, and YES compared with the darker blue green of P. aurantiogriseum and P. freii, but had a similar velutinous texture. On CYA, the sugar beet Penicillium isolates produced minute amounts of a colorless to pale tan exudate and orange reverse similar to P. aurantiogriseum, but differs from P. freii which produces copious amounts of exudate and has a cream to yellow reverse. On MEA, P. aurantiogriseum produces a red-brown diffusible pigment (Fig. 30b in Frisvad and Samson 2004) , while the sugar beet isolates did not (Fig. 1b) . The sugar beet isolates were terverticillate with globose conidia, rough-walled stipes and rami (those of P. aurantiogriseum are smooth to finely roughened), and psychrotolerant, which means the isolates associated with this new species fit well with other species in the section Fasciculata, but differ from closely related species in some respects. Statistical analysis of micromorphological characters in the four sugar beet Penicillium isolates revealed no differences among the four with regard to conidiogenous cells (phialides) and conidia. However, the length of Fig. 6 . Bayesian inference phylogenetic tree based on the RNA polymerase II second largest subunit (RPB2) region, showing the relationships among Penicillium species type strains in the section Fasiculata and four isolates (F727, F728, F730, and F732) collected from sugar beet roots which represent a new Penicillium species. Penicillium expansum from section Penicillium was chosen as the outgroup. Numbers on nodes represent the statistical support for Bayesian method (posterior probabilities, left number), maximum likelihood (ML; 1,000 replicates, middle number), maximum parsimony (MP; 1,000 bootstrap replicates, right number), and. NB = no branch. Penicillium species sequences were obtained from GenBank (Table 1 ) and the species names are followed by strain designations. metulae and width of rami were found to differ, although the actual degree of difference was not large. Such slight differences are unsurprising, given that with the inherent variability in this genus, only 70 to 80% of isolates are readily identifiable on a morphological basis (Pitt 2000) .
Penicillium species involved in storage rot have frequently been associated with wounds and are prevalent, but not necessarily the most damaging pathogen present (Bugbee 1975 (Bugbee , 1982 (Bugbee , 1993 Nielsen 1978, Fugate and Campbell 2009; Liebe et al. 2016; Mumford and Wyse 1976) . In the 1970s in the Red River Valley, P. vulpinum and Phoma betae were isolated more than 70% of the time, but P. betae was considered the more damaging pathogen because it decayed roots at a faster rate (Bugbee 1982) . A fungicide storage study from the 1970s targeted at the Pacific Northwest focused on P. vulpinum and B. cinerea indicating Penicillium was important in that region as well (Mumford and Wyse 1976) . In Europe, Penicillium was recently acknowledged as being one the dominant fungal species in storage (Liebe et al. 2016, Liebe and Varrelmann 2014) .
Environmental conditions such as temperature can also influence the presence of Penicillium on sugar beet roots. When roots were stored at 20°C, P. paneum was one of the dominant fungal species present (Liebe et al. 2016) . During a recent fungicide study conducted in an indoor commercial storage building in Idaho (Strausbaugh et al. 2015) , one of the dominant Penicillium species discovered was the novel species described here as P. cellarum. The set point for the commercial storage building was 1.1°C. Because the storage is cooled with ambient air, if night time temperatures are not cool enough to hit set point, then the temperatures in the storage will begin to rise. The storage began being filled in early October, but in 2016 ambient temperatures were not cool enough to reach set point until 30 November. Over this temperature range, the P. cellarum has been shown to rot sugar beet root tissue in the rot tests. Finding P. cellarum active over a wide temperature range is not surprising, because in temperature growth studies P. cellarum has been documented to grow over a considerable temperature range (Fig. 3) . However, the optimum temperature has been estimated to be 22°C, indicating it will likely be favored by higher storage temperatures.
Four Penicillium isolates collected as part of a storage study (Strausbaugh et al. 2015) with sugar beet roots on top of an indoor commercial pile were determined to represent a novel pathogenic species, Penicillium cellarum sp. nov. These isolates were determined to have the ability to cause sugar beet root rot in storage, but future studies which compare them with other fungal pathogens and determine their incidence are needed to establish the importance of this novel Penicillium species.
